Brain metastases are an important cause of morbidity and mortality, afflicting approximately 200,000 Americans annually. The prognosis for these patients is poor, with median survivals typically measured in months. In this review article, we present the standard treatment approaches with whole brain radiation and as well as novel approaches in the prevention of neurocognitive deficits.
Introduction
Brain metastases (BrM) represent an important cause of morbidity and mortality and are the most common intracranial tumors in adults, occurring in up to 30% of adult cancer patients [1, 2] . It is estimated that up to 170,000 new cases of brain metastases occur in the United States each year [3, 4] . It is speculated that the annual incidence is rising for several reasons, including an aging population, better treatment of systemic disease, and improvements in imaging, such as magnetic resonance imaging (MRI), to detect smaller metastases in asymptomatic patients [1, 5, 6] .
The risk of developing BrM varies according to primary tumor type, with lung cancer accounting for approximately one-half of all brain metastases and is likely rising [7, 8] . Two large series have shown the cumulative incidence of BrM to be between 16 and 20% for lung cancer, 7-10% for renal cell carcinoma, 7% for melanoma, 5% for breast cancer, and <2% for colorectal cancer [9, 10] . One disease in particular, breast cancer, has seen increases in survival even in the metastatic setting. Patients with HER2 overexpression are particularly sensitive to developing BrM, especially those that also have a history of lung metastasis [11] . Longer survival in colorectal cancer has also contributed to the rise in BrM with this diagnosis [12] .
The prognosis of patients with brain metastases is poor with the median survival time of untreated patients being approximately one month [13] . With treatment, the overall median survival time after diagnosis is typically still less than one year [14] . Brain metastases present cancer patients with significant neurologic, cognitive, and emotional difficulties and, once diagnosed, generally convey a poor outcome. In this paper, we will review standard treatment approaches with whole brain radiotherapy (WBRT) and discuss new directions in brain metastasis therapy, specifically focusing on the role of radiosurgery and chemical modifiers of the radiation effect. Since neurocognitive dysfunction following brain metastasis is a major concern, we will focus a significant portion of our discussion on this issue.
Diagnosis
The differential diagnosis for brain metastasis includes infection, paraneoplastic diseases, bleeding, and radiation necrosis (often from previous radiosurgery). As a result biopsies are considered when the diagnosis is uncertain. In fact, in the landmark study from Patchell in colleagues randomizing patients to surgery and whole brain versus biopsy and whole brain, approximately 10% of patients on the biopsy arm had tumors other than metastasis [15] .
On MRI, brain metastases are typically found in the watershed areas of the brain (areas where blood vessels narrow and act as a trap for clumps of tumor cells). Approximately 80% of the lesions are found in the cerebral hemispheres, 15% in the cerebellum and 5% in the brain stem. This is largely based on the general volume of brain in these regions. Areas that are often strategically avoided by therapies, such as the hippocampus, have low propensity for the development of brain metastasis and this has special significance, as will be discussed later [16] . Most of the lesions are intensely enhanced by gadolinium contrast as a result of disruption of the blood brain barrier (see Figure 1 ). Leptomeningeal metastases, also known as carcinomatous meningitis, are another less common presentation of advanced cancer that occurs when tumor breaks through the arachnoid and pia mater and spreads throughout the subarachnoid space. This is a very aggressive form of metastasis. Symptoms can be quite varied from headaches, to mass effect, to cranial nerve root dysfunction. The most common primary for this to occur is breast cancer but it can occur with other cancers such as lung, melanoma, gastrointestinal tumors, and gynecologic malignancies. MRI is the diagnosis tool of choice and typically one will see enhancement along the walls of the gyri and sulci or multiple nodular deposits throughout the subarachnoid space (see Figure 2 ). Due to the wide spread dissemination of tumor, WBRT is often employed as part of the treatment strategy for leptomeningeal disease.
Treatment Options with Radiation
Treatment has evolved over the last several decades. Dexamethasone, for example, has been used to improve symptoms by decreasing capillary permeability and subsequently reducing intracranial edema. A typical dose is 16 mg/day in 2-4 divided doses. Gastrointestinal prophylaxis with ranitidine or other drugs in its class is often recommended to combat the GI side effects of dexamethasone. For patients on the drug for extended periods of time, thrush prophylaxis is also considered. Steroids are not without side effects as patients can experience weight gain, Cushingoid appearance, proximal muscle weakness, hyperglycemia, fluid retention, and, if tapered to quickly, even adrenal insufficiency. In addition to helping alleviate symptoms, steroids were felt to prolong survival from about 1 to 2 months [17] .
Traditionally, the most widely used treatment for patients with multiple brain metastases is WBRT. The 1954 article, "Roentgen-ray therapy of cerebral metastases, " was one of the earliest reviews of the use of WBRT for the treatment of BrM [32] . The appropriate use of WBRT can provide rapid improvements of many neurologic symptoms, improve quality of life, and may be especially beneficial in patients whose brain metastases are surgically inaccessible or when other medical considerations remove surgery from the list of appropriate options [32] [33] [34] . The use of adjuvant WBRT, following resection or radiosurgery has been proven to be effective in terms of improving local control of brain metastases, and, furthermore, the likelihood of neurologic death is decreased based on a randomized trial [35] . The majority of patients who achieve local tumor control die from progression of disease outside of the brain, whereas the cause of death is most often due to central nervous system (CNS) disease in patients with recurrent brain metastases [36] . However, the use of whole brain has come under criticism recently due to the possibility of neurocognitive decline related to brain radiation [37] .
Three areas of investigation are attempting to improve the survival of patients with unresectable brain metastases: (1) WBRT in conjunction with radiosurgery (RS), an area that is further explored in other manuscripts in this issue, (2) radiosensitizers, and (3) new chemotherapeutic agents that synergize (or are additive) with radiation. Older studies of radiosensitizers have not resulted in clinical benefit [38, 39] . Other promising developments in the treatment of brain metastases include new chemotherapy agents such as temozolomide (Temodar), which crosses the blood-brain barrier. Other tumor specific drugs, such as lapatinib (Tykerb), are also being considered for certain primaries, such as HER2 positive breast cancer [40] .
Whole Brain Radiation Therapy.
In patients who have brain metastases that impinge upon eloquent areas or are Advances in Neuroscience 3 [27] . In the GPA, data from multiple RTOG studies, including patients from the RTOG 95-08 radiosurgery study, were analyzed and a more sensitive predictive tool was developed that also included number of lesions. With the GPA, primary histology was not included as in the RPA. Therefore, a subsequent disease specific GPA was developed (DS-GPA) (Table 2(c)) [28] , but even this system had limitations as we know that the biology is also an important factor in predicting outcomes.
Reports indicate that response to WBRT may be related to the primary histology. Nieder and colleagues [41] studied 108 patients and assessed CT-response based on tumor type following WBRT alone. Complete response was obtained in 24% of patients and partial response in 35%. Response rates ranged from 81% for small cell lung carcinoma to 0% for malignant melanoma (although other series have shown response rates of 45 to 65% for melanoma brain metastases) [42] . Other retrospective investigations of treatment for brain metastases from various primaries suggest relatively clustered survival statistics: 6 months for female genitourinary cancers [43] , 4.2 months for breast cancer [44] , 2.3 months [45] for melanoma, and so forth. The RTOG RPA multivariate analysis, however, did not find histology to be an independent predictor of survival following WBRT and this was also factored in the subsequent GPA report.
Another major use of WBRT, which is declining, is as an adjuvant following surgery or radiosurgery. Magnetic resonance imaging reveals that about 80% of patients have more than 1 metastasis, and ∼50% have 3 or more metastases so treating microscopic disease with WBRT is of value. Furthermore, 70% of patients with brain metastases experience relapse after resection, if WBRT is omitted [46] .
It is important to recognize that there are some arguments against the use of WBRT. Many have questioned its ability to reverse neurologic symptoms [47] and its use has been putatively associated with debilitating complications in long-term survivors [37, 48] . Furthermore, many patients have short term side effects such as fatigue, alopecia, and erythema. Less common side effects include ear pain, headaches, alterations in smell and taste, and nausea. As a result, the use of WBRT has been declining in the USA.
Stereotactic Radiosurgery.
Traditionally, radiosurgery (SRS) has required the use of Gamma Knife (Elekta, Stockholm, Sweden) radiosurgery system. This is a cobalt based dedicated system used to treat lesions in the brain. As technology has evolved, other manufactures have developed tools such as the Cyberknife (Accuray, Inc., Sunnyvale, CA), Novalis Tx (Varian Medical Systems, Palo Alto, CA and BrainLab, Munich, Germany), TrueBeam (Varian Medical Systems, Palo Alto, CA), and Edge Radiosurgery System (Varian Medical Systems, Palo Alto, CA). Many consider both linac based and cobalt based systems as equivalent and this has allowed for the rapid increase in both intra-and extracranial SRS [49, 50] .
SRS is now standard practice for patients with 4 or fewer metastases in the brain and this has been validated by multiple prospective trials. The controversy arises when considering its utilization with or without WBRT which is discussed later in detail. The original dose escalation study was reported by Shaw and colleagues in RTOG 9005 where 100 patients with brain metastasis underwent a dose escalation regimen based on the size of the tumor [29] . Smaller tumors were escalated to higher doses (since this could be done safer given the more favorable dosimetry for small lesions) in 3 Gy increments. The authors concluded that the maximum tolerated dose for tumors <20 mm was 24 Gy, between 21 and 30 mm was 18 Gy, and between 31 and 40 mm is 15 Gy (see Table 3 ). One of the early efforts reviewing the utility of SRS involved a randomized trial comparing WBRT with or without a SRS boost was done by the University of Pittsburgh. Researchers attempted a phase III study comparing 30 Gy in 12 fractions of WBRT with a 16 Gy boost, but the study was terminated earlier as it was felt unethical to continue given the high control rate in the WBRT + SRS arm (100%) versus WBRT alone (8%) [51] . In what is considered one of the defining studies in SRS, the RTOG conducted a 333-patient randomized trial comparing WBRT alone (37.5 Gy in 15 fractions) with or without SRS (dosing per RTOG 9005) [30] . The primary endpoint to the study was overall survival with secondary endpoints of tumor response, local control, intracranial recurrence, cause of death, and performance status changes. This study included patients with up to 3 BrM. Patients with a single BrM were found to improve in overall survival. The study helped to establish a new standard of care for patients with a single BrM.
The Japanese Radiation Oncology Study Group (JROSG) also conducted a randomized study of SRS versus SRS + WBRT (JROSG 99-1) where 132 patients with up to 4 lesions were randomized [31] . They found that the use of WBRT delayed the occurrence of new brain metastases at 12 months and also reduced the likelihood of the need for salvage brain treatments. The authors concluded that WBRT should not be withheld as intracranial control is paramount (Table 5) .
In a provocative study challenging the previous randomized trials mentioned above, Chang and colleagues conducted a single institution randomized trial of SRS with or without WBRT at the MD Anderson Cancer Center [52] . In this study, 58 patients with 1-3 brain metastases (RPA class I or II) were randomized and stratified by RPA class, number of lesions, and radioresistant histologies (melanoma or renal cell versus other). The primary endpoint of the study was the Hopkins Verbal Learning Test-Recall (HVLT-R) at 4 months by more than 5 points. Doses used were similar to those in RTOG 95-08 with WBRT given at 30 Gy in 12 fractions. The investigators stopped the study early due to a decreased survival in the WBRT arm (15.2 months versus 5.7 months) which challenged conventional thinking and the data from previous trials (no difference in survival in both RTOG 95-08 and JROSG 99-01). This has come under some criticism in that some argue that the arms were not well balanced as there was more visceral metastatic disease in the WBRT arm and did not take into account subsequent recovery of neurocognitive function as 4 months was the endpoint and that there was a time bias from the fact that WBRT had to be given within 3 weeks after SRS so there could be a 5-week delay in the time points of when the data was analyzed. Given the fact that there were both a reduction of neurocognitive function and also increased death in the WBRT, those that believe in SRS alone have level 1 evidence supporting that decision.
In a European effort, Kocher and colleagues conducted a randomized multi-institutional study comparing adjuvant WBRT versus observation after SRS or surgical resection in patients with 1 to 3 brain metastases [53] . This study randomized a total of 359 patients (199 underwent SRS and 160 underwent resection). After SRS or surgery, adjuvant WBRT was found to reduce intracranial relapse (59% to 27% after surgery, < 0.001, and 31% to 19% after SRS, = 0.040) and neurologic deaths but did not show improvements in functional independence (10 versus 9.5 months) or overall survival.
Another area of increased interest involves the use of adjuvant SRS after surgical resection. It has been previously noted that the landmark study by Patchell et al. showed the benefits of adjuvant WBRT in improving local control not only in the brain, but also in particular in the site of the resection cavity [35] . However, with the fear of the WBRT toxicities, some have argued that an SRS cavity boost be considered instead of WBRT. In a poll conducted in the 2006 Congress of Neurological Surgeons Meeting, onethird of neurosurgeons resect metastases and follow it by an SRS boost. Soltys and colleagues conducted a retrospective review of 72 patients with 76 cavities from 1998 to 2006 who underwent SRS with a median marginal dose of 18.6 Gy (range of 15-30 Gy) [54] . Actuarial local control was found to be respectable 88% and 79% at 6 and 12 months, respectively. This compared favorably to their historical control rate of 54% for observation alone and 80-90% with adjuvant WBRT. Furthermore, they recommended using a 2 mm margin with their technique on the resection cavity. Though this study showed very reasonable results with an SRS cavity boost, other authors have not been able to replicate these results with local control rates as low as 35% [55] . Part of the poor results may be related to the difficulty in identifying the areas at risk of recurrence due to the difficulty in identifying the postresection cavity. In an effort to clarify this discrepancy, a phase III study is currently under way. In this effort run by the Alliance and endorsed by NRG, NCCTG N107c is currently accruing patients. In this study, patients are randomized to adjuvant whole brain radiation to a dose of 37.5 Gy in 15 fractions versus SRS to the surgical resection bed to a dose between 12 and 20 Gy in a single fraction. Patients will be stratified based on age, duration of controlled extracranial disease, number of preoperative BrM, histology, and size of the resection cavity. The dose in the SRS arm is based on the size of the cavity with the high dose patients exhibiting targets <4.2 cc receiving 20 Gy in a single fraction and the low dose region between ≥30 cc and 5 cm max of 12 Gy. The study is expected to accrue a total of 174 eligible patients.
The Controversy Surrounding the Use of Whole Brain Radiotherapy
With the increased availability of radiosurgery, a new trend has been emerging in the management of patients with brain metastases. In this approach, patients with a limited number of brain metastatic lesions (the exact definition of limited is based on institutional preference and varies from 3 to 10 or more) [30, 31, 52, 53, 56] are treated with radiosurgery alone, without WBRT, and are then closely monitored, which involves regular MR imaging. Repeat radiosurgery is performed for new intracranial metastases, with the intent of avoiding or eliminating WBRT in as many patients for as long as possible. The rationale is the avoidance of neurotoxicity from WBRT. However, this approach is still considered controversial by some and definitive controlled clinical trials can support either argument. Delaying WBRT in favor of active surveillance increases the overall cost of managing these patients, with multiple and expensive imaging studies and repeat radiosurgical procedures which also need also needs to be taken into account.
Advocates of withholding WBRT suggest that WBRT may be "ineffective, " patients may have "oligometastatic disease, " survival is unaltered whether upfront WBRT is used or not, radiosurgery is adequate for local control, and neurologic status and quality of life of patients in whom WBRT is withheld are superior.
Historically, when steroids alone were used for the management of BrM, survival was only about 1 month. The addition of WBRT was found to increase survival by several months. The most common WBRT regimen uses 30 Gy in 2 weeks; this dose is designed to be palliative and was never intended to cure epithelial tumors but rather strikes a balance of minimizing toxicity but still helping to relieve symptoms. When reviewing data within BrM studies in the RTOG, control of disease is realized in approximately 50% of patients at 6 months. Therefore, enhancing the effect of WBRT in controlling the macroscopically visible tumor with the addition of radiosurgery makes sense and is now supported by level 1 evidence [30, 31] . For example, in the phase III RTOG 9508 trial of WBRT with or without radiosurgery boost, the actuarial 1-year local control was 82 versus 71% ( = 0.01), in favor of the radiosurgery boost [30] (Table 4) . Furthermore, WBRT can and does add to the local control on top of the SRS treatments as based on both the RTOG and JROSG studies, which does have value.
Some may argue that BrM may be oligometastatic and therefore we only need to worry about the disease that is 6 Advances in Neuroscience seen on MR. However, older autopsy and CT-imaging studies suggest that the rate of multiple brain metastases ranges from 58 to 86%, with a mean of 66%, but these have been criticized on several grounds [25] . In one MRI-based study, only 19% of the 336 patients had a single lesion; the percentage of patients with 2, 3, 4, and 5 or more lesions was 16, 13, 10, and 40%; in most trials of radiosurgery, <5 is considered the upper limit, in terms of the definition of oligometastases, and, in this trial, 50% of patients had more than 3 lesions on MR imaging [57] . Therefore, most reports suggest that only about 20% of patients have one brain met, and this is especially important, as evidence-based data suggest no survival benefit from aggressive local treatments such as surgery or radiosurgery in patients with more than 1 metastatic lesion [58] . Others have argued that survival is unaltered whether upfront WBRT is used or not. This is indeed true as there are other competing risks of death, such as systemic disease. However, the value proposition here is that of local control [59] . Many of these studies were not designed to answer an overall survival question as the true value is preventing future complications from recurrent disease and improving or maintaining quality of life [35] . That being said, caution should be used in oversimplifying this statement. For example, Pirzkall et al. reported that, for brain metastases patients without extracranial disease, (i.e., patients with a much lower likelihood of dying from systemic metastases) the median survival following radiosurgery alone with WBRT used for salvage was 8.3 months, compared to 15.4 months for patients treated up-front with radiosurgery plus WBRT [60] . Similar results were seen in a retrospective study from the Mayo Clinic where a survival benefit for adjuvant WBRT limited to patients without systemic disease was realized; 5-year survival rates of 21% for those who received adjuvant WBRT compared to 4% for those patients who did not [61] . These observations are crucial, implying that, for those patients where prolonged survival is likely, failure to control the intracranial disease by omitting or delaying WBRT may negatively impact survival.
Some have argued that SRS is good enough for local control. In the phase III study, JROSG 99-1, patients were randomized to radiosurgery alone, versus whole brain radiotherapy and radiosurgery [31] . The actuarial 6-month freedom from new brain metastases was 48% in the SRS alone arm and 82% in the SRS plus WBRT (log rank, = 0.003). Actuarial 1-year brain tumor control rate for the lesions treated with radiosurgery was 70% in the radiosurgery alone arm and 86% in the radiosurgery and whole brain radiation arm (log rank, = 0.019) [31] . In another randomized trial [62] comparing SRS alone versus WBRT and SRS versus WBRT, the local brain control rate was highest in the radiosurgery plus WBRT arm. A prospective single arm, multi-institutional ECOG phase II study of radiosurgery alone for "radioresistant" histologies [63] (such as melanoma, sarcoma, and renal cell carcinoma) in patients with 1-3 brain metastases reported at 6 months, 39.2% failed within the radiosurgery volume, and 39.4% failed outside the radiosurgery volume, thereby supporting the case of limited benefit from radiosurgery alone. Clinical trial-based assessments therefore suggest high rates of intracranial failures and reduced local control rates when WBRT is omitted or delayed.
Finally, an argument has been made that neurologic status and quality of life of patients in whom WBRT is withheld is superior. In the JRSG 99-01 study, patients were randomized to radiosurgery alone or with WBRT but detailed neurocognitive assessments were not performed, and the primary assessment was by an evaluation of performance status and neurologic functional status, using RTOG criteria [31] . There were no differences in these endpoints between the two study arms, belying the claims of worse neurologic outcomes in the WBRT arm [31] . In fact, some have argued that withholding WBRT increases intracranial failure and neurologic deterioration is more directly related to disease progression in the brain [64] . In a phase III trial of WBRT with or without the radiosensitizer, motexafin gadolinium, the most significant predictor for neurologic and neurocognitive decline, as well as deterioration in quality of life was disease progression in the brain [65] .
Therefore, the switch to omitting WBRT is still considered controversial and data supports both withholding and administering WBRT. In large measure, it is fair to say that this switch has been made because physicians have observed some patients experiencing neurocognitive and neurologic decline (the causes for which could in fact be multifactorial). This is supported by the Chang study showing a doubling of the rate of neurocognitive decline as a result of WBRT [52] . As a result, efforts, as described below, are underway to help mitigate the toxicities associated with WBRT. Also, multiple studies are underway in single institution phase III studies evaluating the possibility of eliminating WBRT in patients with 5 or more metastases (including UCSF [ClinicalTrials.gov identifier NCT01731704] and MDACC [ClinicalTrials.gov identifier NCT01644591 and NCT01592968]).
Mechanism of Neurocognitive Dysfunction.
Toxicity from radiation can be stratified based on the timing of onset of symptoms: acute, subacute, and late [66] . Acute effects typically occur during the first few weeks of treatment and are often characterized by drowsiness, headache, nausea, vomiting, and worsening focal deficits (typically in the first 30 days). Often, cerebral edema is the cause of these symptoms and corticosteroids such as dexamethasone may improve these symptoms. Subacute symptoms related to encephalopathy (early delayed reaction) occurring at 1 to 6 months after completion of radiation may be secondary to diffuse demyelination [67, 68] . Symptoms include headache, extreme somnolence, fatigability, and deterioration of preexisting deficits that resolve within several months. Late delayed effects appear more than 6 months after radiation and can be irreversible and progressive [69] . This may be a result of white matter damage due to vascular injury, demyelination, or even necrosis. Symptoms can vary from mild lassitude to significant memory loss and even severe dementia [70] . The pathophysiology of radiation induced neurocognitive damage is complex and multifactorial. Oligodendrocytes, which are important for myelination, are likely at least partially to blame. Oligodendrocyte death can occur either as a result of direct p53 dependent radiation apoptosis or due to exposure to radiation induced tumor necrosis factor (TNF ) [71, 72] . Postradiation injury to the vasculature damages the endothelium leading to platelet aggregation and thrombus formation, followed by abnormal endothelial proliferation and intraluminal collagen deposition [73, 74] . Another area receiving increased attention is hippocampaldependent functions of learning, memory, and spatial information processing that seem to be preferentially affected by radiation [75] . Animal studies reveal that doses as low as 2 Gy can induce apoptosis in the proliferating cells in the hippocampus leading to decreased repopulative capacity [76] .
Management and Prevention of Neurocognitive
Deficits from WBRT. Treatment (or prophylaxis) of cognitive sequelae of cranial radiation has been limited until recently. In the past, methylphenidate has been used in a few small series of patients exhibiting neurobehavioral slowing with limited response [77] [78] [79] . Patients who develop psychomotor slowing, decline in executive functioning, or general apathy may benefit [78] . Though these studies suggest beneficial effects with methylphenidate, they have significant limitations including small sample size, lack of a blinded control, high toxicity of methylphenidate (including addiction potential), and therefore the widespread use of methylphenidate should not be considered standard of care.
Erythropoietin has been used as a central nervous system protectant in a number of studies and this has generated some interest in the utilization of this agent [80, 81] . A blinded, randomized trial of erythropoietin (compared to saline) found less motor impairment in erythropoietin treated rats 2 days after 100 Gy was delivered to the right striatum; by day 10 the erythropoietin treated rats had returned to near control levels while the deficits persisted in the saline treated rats [82] . A similar study found erythropoietin delivered one hour after whole brain radiotherapy (17 Gy in one fraction) was neuroprotective in mice [83] . That being said, currently erythropoietin has not been validated in large human studies and it is not considered a routine part of the management of BrM.
There has been significant interest in using Alzheimer's therapeutic agents to treat radiation induced injury, since many aspects radiation induced injury are clinically and radiographically similar to Alzheimer's dementia. In a trial from Wake Forest University, 24 previously irradiated brain tumor patients were treated with 24 weeks of donepezil [84] . Neurocognitive tests were performed at multiple time points which included tests of verbal fluency, verbal memory, attention, and figural memory scores. Patients were significantly improved between baseline and week 24, but there was no change on global cognitive function or executive function. There was no significant worsening of performance noted on any measures. The limitations of this study include the small sample size and the potential (as well as uncontrolled) impact of practice (i.e., neurocognitive measures repeated over multiple evaluations) and the placebo effect.
Prior studies have suggested that vitamin E may benefit patients with Alzheimer's disease and potentially radiation toxicity [85] . Researchers at the Queen Elizabeth Hospital in Hong Kong treated 19 patients with temporal lobe radionecrosis with a daily megadose of vitamin E for 1 year, whereas 10 other patients with temporal lobe radionecrosis served as controls (treatment assignment was decided on a voluntary basis) [86] . Significant improvement in global cognitive ability, memory, and executive function occurred among patients in the treatment group after 1-year of vitamin E treatment. However, there are significant limitations of this study in that the patients were not randomized or blinded to treatment, and therefore the results should be considered hypothesis generating.
Although a neurocognitive conceptual framework for understanding the effects of radiotherapy on the brain is limited [87] , it seems that the pathophysiology of late RT injury is dynamic and complex, and a result of interand intracellular interactions between the vasculature and parenchymal compartments and injury is most likely multifactorial (i.e., demyelination, proliferative and degenerative glial reactions, endothelial cell loss, and capillary occlusion) [75] . The vascular hypothesis is the most recognized and longest standing premise as the primary cause of radiation 8 Advances in Neuroscience induced damage [88] . The vascular hypothesis of radiationinduced injury attributes accelerated atherosclerosis and mineralizing microangiopathy resulting in vascular insufficiency and infarction to radiation injury and inflammation. These mechanisms result in a picture similar to the small vessel disease, as is often seen with vascular dementia and Alzheimer's dementia [89] . For this reason there is interest in using pharmaceutical agents that are effective in the treatment of vascular dementia for irradiated brain tumor patients to serve as a chemoprotectant. One of these agents is memantine, a NMDA receptor antagonist induced by ischemia, which blocks excessive NMDA stimulation leading to excitotoxicity. Agents that block pathologic stimulation of NMDA receptors may protect against further damage in patients with vascular dementia [90] . Thus, NMDA receptor antagonists such as memantine are thought to be a potential neuroprotector when patients are exposed to brain radiation and these drugs will help to prevent neuronal injury associated with radiation-induced ischemia. Furthermore, the physiologic function of the remaining neurons could be restored, resulting in symptomatic improvement [91] and both preclinical in vitro and in vivo data support this hypothesis [92] [93] [94] [95] . Phase III clinical trials of memantine in patients with vascular dementia demonstrated clinical benefit, with the subgroup of patients with small-vessel disease responding better to memantine than other types of dementia again, supporting the hypothesis that memantine may function as a neuroprotector [96, 97] . In addition, there is anecdotal experience using memantine in primary CNS lymphoma patients with cognitive dysfunction after radiation has shown dramatic clinical improvement [98] . With the beneficial findings of these studies and the limitations of treatment of cognitive decline after radiation, the Radiation Therapy Oncology Group (RTOG) has launched and completed a large phase III study comparing patients receiving WBRT to either memantine (Namenda) or placebo (RTOG 0614) [99] . In this landmark study, 508 eligible patients were randomized to the two arms. Patients receiving memantine had less decline in delayed recall at 24 weeks (primary endpoint of the study) though this was not significantly significant. However, this was thought to be partially due to significant patient loss from competing factors such as death from extracranial disease progression. There was better cognitive function over time in many domains of neurocognition, such as memory, executive function, and processing speed. Furthermore, the improved cognition was maintained over time, even when the drug was discontinued, suggesting a protective effect of memantine. Since the drug had relatively few side effects associated with it, the authors concluded that the memantine can be considered along with WBRT when used in the management of BrM. Also of interest in this study is that there are significant biospecimens available for translational research. The investigators are currently analyzing both inflammatory cytokines and biomarkers such as apolipoprotein E (apoE) as a predictor of patients that are likely to develop neurocognitive decline. Early single institution reports show that those carrying the ApoE allele are more likely to have adverse cognition from radiation [100] .
Furthermore, biomarkers can be modulated by the presence of brain radiation [101] .
Besides pharmaceutical interventions, others are considering modifying how WBRT is delivered to decrease the risk of neurotoxicity. As mentioned earlier, doses of 2 Gy or less can damage the hippocampus in the mouse model [76] . However, more recent data has shown that hippocampal dosimetry does indeed predict neurocognitive function impairment. Gondi and colleagues recently reported a prospective study in which 29 patients with benign or low grade brain tumors were treated with fractionated stereotactic radiotherapy. The authors measured the dose to the hippocampi and correlated the outcome to the 18 patients that completed both baseline and 18-month neurocognitive function testing. The study revealed that if that biologically equivalent dose in 2 Gy fractions exceeded 7.3 Gy, there was a higher likelihood of neurocognitive decline [102] . As a result, current investigations are underway using new technology to conformally avoid the hippocampus. With the use of intensity modulated radiotherapy, it is possible to create isodose distributions that treat the majority of the brain to full dose, while keeping the radiation dose to the hippocampus relatively low. Furthermore, it may be possible to even incorporate a simultaneous boost to the gross disease at the same time (Figure 3 ).
Prior to investigating the possibilities of hippocampal avoidance WBRT (HA-WBRT), it is necessary to identify the likelihood of developing BrM within the hippocampi to ensure that sparing the area would not result in an increase in recurrences. Ghia and colleagues reviewed 100 patients treated with radiation for brain metastasis and found that, of the 100 patients, only 8 had metastases within 5 mm of the hippocampus [103] . These results were further validated in a larger multi-institutional effort including over 1100 metastases in 371 patients [104] . Less than 9% of the patients had lesions within 5 mm of the hippocampus and there were no tumors seen in the hippocampus. As a result, 5 mm was selected as a safe avoidance region of the hippocampus for a prospective evaluation of HA-WBRT. Furthermore, efforts were made to standardize the technique of how to plan such cases [105] .
The major study to date evaluating the effectiveness of HA-WBRT was RTOG 0933 [106] . This study was a single-arm, multi-institutional phase II study evaluating 113 brain metastases patients undergoing HA-WBRT. The study involved a battery of neurocognitive tests (similar to what was seen in RTOG 0614-WBRT with or without memantine) as well as significant credentialing before an institution was able to accrue a patient. Each physician enrolling a patient on the study was required to pass both contouring and planning of a HA-WBRT case. Furthermore, each plan for an enrolled patient underwent central review by RTOG prior to delivery of therapy. Of the 100 analyzable patients, 76% were categorized as RPA class II. All patients underwent 30 Gy in 10 fractions of HA-WBRT. The mean dose to the hippocampus was below 10 Gy in all patients with the maximum dose not exceeding 17 Gy. Patients were assessed using the HVLT-Delayed Recall, (DR) the HVLT-Recall, and the HVLT-Immediate Recognition tests. The primary endpoint of the study was HVLT-DR at 4 months. There were Advances in Neuroscience 42 analyzable patients that had four month post-RT data. These patients experienced only a 7% decline in HVLT-DR which was significantly lower (95% CI, −4.7% to 18.7%) of the historical control group of 30% decline at 4 months. At 6-month follow-up, the decline was even less at 2%, though only 29 patients were analyzable at this point. There were two grade 3 toxicities and no grade 4 or 5 toxicities. The median survival on the study was 6.8 months. As a result of these promising findings, a new phase III study, CC001 has been developed randomizing patients to HA-WBRT versus WBRT. Both study arms will include memantine based on the results seen in RTOG 0614. The study is expected to accrue patients in mid 2015.
Conclusion
In summary, WBRT continues to be a standard and efficacious treatment in the management of brain metastasis. Despite the use of whole brain radiation and radiosurgery, outcomes are poor and efforts are being made to incorporate multimodality approaches including surgery, radiosurgery, and chemotherapy to improve outcomes. Patients with brain metastasis are susceptible to deficits in neurocognition because of their disease and potentially from the treatment for their brain metastasis. As a result, the use of WBRT is declining despite ample evidence supporting the efficacy. For patients with >4 lesions, WBRT still remains the standard of care. For 4 or fewer lesions, SRS alone can be considered but active surveillance for recurrence is needed. Adjuvant SRS to the resection cavity is currently being evaluated in a randomized trial and remains a study question.
Innovative strategies for preventing and treating neurocognitive deficits are actively under investigation and include chemoprevention with drugs such as memantine, but also the use of advanced radiation delivery techniques to spare regions of the brain susceptible to radiation injury to reduce the likelihood of neurocognitive deficits. Phase II studies suggest a strong benefit for HA-WBRT. Many of the recently closed and currently open cooperative group trials have extensive translational components as part of the studies. It is the hope that biomarkers may be able to predict which patients are likely to develop neurocognitive decline and which ones will not, even in the presence of WBRT. These types of study will allow clinicians to personalize the WBRT and SRS treatment strategies for the patients they see.
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